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ABSTRACT
Although oligonucleotide probes complementary to
singlenucleotidesubstitutionsarecommonlyusedin
microarray-based screens for genetic variation, little
isknownaboutthehybridizationpropertiesofprobes
complementarytosmallinsertionsanddeletions.Itis
necessary to define the hybridization properties of
these latter probes in order to improve the specificity
and sensitivity of oligonucleotide microarray-based
mutational analysis of disease-related genes. Here,
wecompareandcontrastthehybridizationproperties
of oligonucleotide microarrays consisting of 25mer
probes complementary to all possible single nucleo-
tide substitutions and insertions, and one and two
base deletions in the 9168 bp coding region of the
ATM (ataxia telangiectasia mutated) gene. Over 68
different dye-labeled single-stranded nucleic acid
targets representing all ATM coding exons were
applied to these microarrays. We assess hybridiza-
tion specificity by comparing the relative hybridiza-
tion signals from probes perfectly matched to ATM
sequences to those containing mismatches. Probes
complementary to two base substitutions displayed
the highest average specificity followed by those
complementary to single base substitutions, single
base deletions and single base insertions. In all the
cases, hybridization specificity was strongly influ-
enced by sequence context and possible intra- and
intermolecular probe and/or target structure.
Furthermore, single nucleotide substitution probes
displayed the most consistent hybridization specifi-
city data followed by single base deletions, two base
deletions and single nucleotide insertions. Overall,
these studies provide valuable empirical data that
can be used to more accurately model the hybridiza-
tion properties of insertion and deletion probes
and improve the design and interpretation of oligo-
nucleotide microarray-based resequencing and
mutational analysis.
INTRODUCTION
Oligonucleotide microarrays are a powerful technological
platform for large-scale screens of common genetic variation
and disease-causing mutations (1–5). In most published stud-
ies (6–21), oligonucleotide microarrays are designed to screen
speciﬁc sequence tracts, up to megabases in length
(11,15,22,23), for all possible single nucleotide substitutions.
With some exceptions (24–31), the same emphasis was not
placed on identifying all possible small insertions and dele-
tions in the heterozygous state. Nevertheless, it is crucial to
detect such small insertions and deletions since they can play a
major role in inactivating or altering gene function by disrupt-
ing functional elements (e.g. splice junctions, cis-acting ele-
ments and open reading frames) and also represent another
class of common genetic variation.
Two fundamental approaches are commonly used to
analyze data sets from oligonucleotide microarrays tailored
to identify genetic variation in speciﬁc DNA segments purely
by hybridization (1,3–5,9). One approach involves identifying
statistically signiﬁcant gains of target hybridization signal to
oligonucleotide probes complementary to speciﬁc sequence
variants (9). In theory, the gain of signal approach has the
advantage of both detecting the presence of genetic variation
and identifying the nature of the sequence change in the
target. However, it is not feasible to screen for virtually all
possible insertions and deletions due to the overwhelming
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Furthermore, little effort has been made to systematically
access the hybridization properties of probes complementary
to these small insertions and deletions. The second approach
involves identifying losses of hybridization signal to perfect
match (PM) probes that are fully complementary to the DNA
segment of interest (8,25,27,30,31). In theory, the loss of sig-
nal approach allows one to screen for all possible sequence
changes, including insertions and deletions, that cause a given
target nucleic acid sequence to contain mismatches with spe-
ciﬁc PM probes. However, this necessitates the sequencing of
speciﬁc DNA regions to identify the nature of the sequence
changes (8,25,27,30,31). Thus, a combination of the gain and
loss of hybridization signal analysis could provide the most
robust means of identifying and characterizing mutations
using non-enzymatic oligonucleotide microarray assays.
Here, we analyze the speciﬁcity and reproducibility of
nucleic acid hybridization to oligonucleotide microarrays
used in the large-scale mutational analysis of the ATM (ataxia
telangiectasia mutated) gene that is responsible for autosomal
recessive disorder involving cerebellar degeneration, immun-
odeﬁciency, radiation sensitivity and cancer predisposition
and is also commonly mutated in certain lymphoid malignan-
cies(32,33).These microarrays include 25meroligonucleotide
probes complementary to all possible single base substitutions
and insertions as well as one and two base deletions on both
strands of the ATM coding region. This provides the ﬁrst
comparative analysis of the hybridization properties of sub-
stitution, insertion and deletion probes in an oligonucleotide
microarray-based mutational analysis of a large gene.
MATERIALS AND METHODS
DNA sample selection
A series of 120 DNA samples derived from biopsies of lymph-
oma patients were previously screened for all possible ATM
mutations using oligonucleotide microarrays (30). Here, we
have selected a total of 68 samples that showed robust amp-
liﬁcation signals in all 62 coding exons for further analysis
(30). A total of 17 unique mutations, each in a one-to-one
mixture with wild-type sequence, occurred once in these sam-
ples. The impact of any given mutation in a single sample is
minimal given that 67 other samples with wild-type sequences
in the region encompassing a given mutation are included in
this analysis. Several single nucleotide polymorphisms (SNPs)
were present multiple times: 735 C/T, 2572 T/C and 4258 C/T
in two samples; 3161 C/G in four samples; and 5557 G/A in
ﬁve samples. Likewise, these SNPs have a minimal effect on
our global analyses given the large number of samples and
bases interrogated in this study.
Target preparation
As previously described (30), individual ATM coding exons
were ampliﬁed from genomic DNA using primers containing
T3 and T7 RNA polymerase tails, pooled, and then in vitro
transcribed using T3 or T7 RNA polymerase to create biotin-
labeled sense and antisense strand targets, respectively.
Fluorescein-labeled reference target was made using genomic
DNA from an unaffected individual. Reference and test
sample targets were fragmented, diluted in hybridization
buffer [3 M TMA-Cl (tetramethylammonium chloride),
1· TE, pH 7.4, 0.001% Triton X-100] and hybridized to
the ATM microarrays as described previously (30). After-
wards, the microarray was stained with a phycoerythrin–
streptavidin conjugate and digitized hybridization images
from both reference and test targets were acquired using the
Gene Array Scanner (Hewlett Packard, Palo Alto, CA)
equipped with the appropriate emission ﬁlters.
Data analysis
Custom software was used to quantify hybridization signals
for each probe and subtract background hybridization signals.
We exclusively focused on raw data from the biotin-labeled
test targets since they provide approximately seven times the
hybridization signal of the ﬂuorescein-labeled wild-type ref-
erence target in this system (28). This enhanced signal pro-
vides greater sensitivity toward detecting weak hybridization.
For each sample, for each base and for each potential type of
mutation(i.e.substitution,oneortwobase deletion oronebase
insertion), the speciﬁcity was calculated as the ratio of the PM
probe hybridization signal of the wild-type target to their
cognate insertion, deletion or single base substitution probes
on each strand. The logarithm of these ratios was plotted as a
function of the position within the gene. To illustrate the
special patterns and to smooth out random variation, running
averages of data from 10 bases were used. To capture the
variability, at each base, the sample-to-sample standard devi-
ation was again calculated using data derived from a running
average of 10 bases for each sample.
To estimate the mean hybridization speciﬁcity for each type
ofmutation, the geometric mean(i.e. the antilog ofthe average
of the logged ratios) over all bases and over all specimens was
calculated (Table 1). To further examine the variability of the
speciﬁcity ratios, the coefﬁcient of variation (cv) was calcu-
lated in two ways. The cv is the ratio of the standard deviation
divided by the mean; it is useful for understanding the amount
of variability relative to the magnitude of the mean or typical
value. For the intra-sample cv, the cv was calculated for each
of the 68 samples (using the running average of 10 at each
ATM base) and the average of the 68 coefﬁcient of variations
was taken. For the inter-sample cv, at each of the bases, the cv
Table 1. Summary of hybridization specificities
Strand Probe type Hybridization
specificity ratios
a
Cv
b
Intra-sample Inter-sample
Sense Substitution 2.79 0.31 0.05
Deletion 1 1.97 0.37 0.14
Deletion 2 3.26 0.39 0.11
Insertion 1.68 0.38 0.19
Anti-sense Substitution 3.29 0.23 0.05
Deletion 1 2.33 0.26 0.12
Deletion 2 4.20 0.27 0.11
Insertion 1.87 0.33 0.18
aHybridizationspecificityratioisdefinedastheratioofPMprobehybridization
signaltothatofthebrightestmismatchprobewithinagivencategory.Theglobal
average of all hybridization specificity ratios for each base in all samples for a
given probe type is provided.
bDetermined for hybridization specificity ratios averaged across windows of
10 bases either within (intra) or across (inter) samples.
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coefﬁcient of variations was taken. For both calculations, the
moving average of 10 was used, instead of the original value,
since the goal was to understand how the speciﬁcity varied
over bases and across samples, rather than to estimate the
experimental (or measurement) error.
RESULTS AND DISCUSSION
Design of oligonucleotide probes
In order to determine the relative speciﬁcity of the hybridiza-
tion of complex nucleic acid targets to oligonucleotide probes
complementary to single base substitutions, insertions and
deletions, we analyzed data generated from oligonucleotide
microarray-based mutational analysis of the 9168 bp ATM
coding region (30). These studies used a pair of oligonuc-
leotide microarrays (Affymetrix, Santa Clara, CA) containing
over 250000 probes (25 nt in length) speciﬁcally designed to
screen the sense and antisense strands of the ATM coding
region for genetic variation (27,30). Collectively, the ATM
sense and antisense microarrays contain 55008 probes
complementary to all possible single base substitutions,
73344 probes complementary to all possible one base
insertions, and 18336 probes complementary to all possible
one base deletions and 18336 probes complementary to all
possible two base deletions in the ATM coding sequence
(Figures 1 and 2).
These microarrays have been used to screen for sequence
variation in the ATM gene in over 100 DNA samples (30).
SNPs and gene inactivating mutations were uncovered by
screening for localized losses of hybridization signal to PM
probes complementary to every 25 nt segment of the ATM
coding region (8,25,27,30). However, hybridization data from
deletion and insertion probes were not relied upon in this
analysis. Therefore, this data set provides a unique opportunity
toexaminetherelativehybridization speciﬁcityofnucleicacid
targets to each of these classes of mismatch probes.
Global hybridization properties of mutation-specific
probes
In order to gain a global overview of hybridization speciﬁcity,
we determined the average ratio of PM probe hybridization
signal of wild-type target (see Materials and Methods) to their
cognate insertion, deletion and single base substitution probes
on each strand (Table 1). In these calculations, we considered
data for all 9168 interrogatedbases inall 68 DNA samples(see
Materials and Methods). For example, we report the ratio of
the PM probe signal to the signal from its cognate 1 or 2 bp
deletion probe. However, for single base substitutions, we
report the ratio of the PM probe signal to that of the cognate
substitution probe with the highest hybridization signal. This
provides the most rigorous assessment of cross-hybridization
to single base substitution probes. Likewise, for single base
insertion probes, we report the ratio of the PM probe signal to
that of the cognate insertion probe with the highest hybridiza-
tion signal.
For both sense and antisense strands, we found that the two
base deletion probes had the highest average PM to cognate
MM hybridization speciﬁcity ratio (3.26-fold sense and
Figure 2. Target image comparisons. Gray-scale raw images showing hybridization pattern of nucleic acid target to ATM sense microarray. The entire sense ATM
microarrayisshownontheleftmostsidealongmagnifiedregionsshowingbasesubstitution(topright)andinsertionanddeletion(bottomright)probesinterrogating
nucleotide positions 3247–3261 of the ATM gene. The identity of this sequence tract is provided above the base substitution probes. PM stands for perfect match
probe.
Figure1.DesignofATMoligonucleotidemicroarrays.Nucleotides3237–3271
of the sense strand of the ATM coding region are depicted as target. Below are
the four types of mismatch probes (substitution, one base deletion, two base
deletion and one base insertion) evaluating the identity of nucleotide position
3255, highlighted in boldface. Note that all mismatch probes are 25mers and
thatthe13thpositionoftheprobeistheinterrogationposition.Foroneandtwo
basedeletionprobes,oneandtwoadditionalnucleotidesareaddedtothe50 end
of the probes to preserve their length. For one base insertion probes, 1 nt is
deleted from the 50 end of the probes to preserve their length.
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(2.79-fold sense, 3.29-fold antisense), one base deletion
(1.97-fold sense and 2.33-fold antisense) and one base inser-
tion(1.68-foldsense and1.87-foldantisense) probes(Table 1).
To provide a ﬁner-scale analysis of hybridization speciﬁcity,
we determined the relative frequencies of hybridization spe-
ciﬁcity ratios in deﬁned bins. There was a similar distribution
of speciﬁcity ratios for single base substitution and two base
deletion probes on both strands (Figure 3). The overall lower
hybridization speciﬁcities of single base deletion and insertion
probes are reﬂected by the increased frequencies of probes
within the lower speciﬁcity bins (i.e. <2-fold ratio) and
decreased frequencies of probes within higher speciﬁcity
bins (i.e. >3-fold ratio) on both strands.
Effects of sequence composition on hybridization
specificity
Next, we sought to uncover underlying trends in the
hybridization speciﬁcity of different classes of mismatch
probes across the entire ATM coding region within a given
sample (intra-sample variation). This provides insights into
sequence context effects that may inﬂuence the hybridization
speciﬁcity of each class of mismatch probe. To approach this
problem, we plotted the average hybridization speciﬁcity
ratios of substitution, deletion and insertion probes for all
1168bases across the 68 samples (Figure 4andSupplementary
Figure 1).We analyzed data determined over running averages
of 10 bases in order to maximize our ability to detect trends
and minimize the effect of randomly dispersed confounding
factors (e.g. intra- or intermolecular secondary structure) that
may skew data for any given base.
As expected from Table 1 and Figure 3, the two base
deletion probes consistently showed a higher average hybrid-
ization speciﬁcity ratio followed by single base substitution,
single base deletion and single base insertion probes on both
strands of exon 50 (Figure 4). Nevertheless, the hybridization
speciﬁcity ratios for all classes of mismatch probes ﬂuctuate
across the exon 50 sequence (Figure 4). For example, two base
deletion probes showed a peak value of 6.76 (unlogged)
centered at base 7071 and a trough value of 1.90 (unlogged)
centered at base 7002 on the sense strand. We also found
similar ﬂuctuations in speciﬁcity ratios for all mismatch
probe types in the remaining 61 ATM coding exons (Supple-
mentary Figure 1).
To assess intra-sample variability in hybridization
speciﬁcity by a different means, we determined the average
cv for substitution, deletion and insertion probes within a
given experiment (Table 1). Again, we analyzed data from
running average of 10 bases in order to maximize our ability to
detect trends and maintain consistency in our data analysis.
Substitution probes had the lowest average intra-sample cv,
0.31 and 0.23 for sense and antisense strands, respectively.
One base deletion, two base deletion and insertion probes
showed comparable intra-sample coefﬁcients of variation on
the sense strand, 0.37, 0.39, and 0.38, respectively. However,
insertion probes showed relatively higher variability than the
deletion probes on the antisense strand. Coupled with plots
shown in Supplementary Figure 1, it is evident that of all the
mismatch probe types, the hybridization speciﬁcities of base
Figure 3. Distribution of binned hybridization specificity values. The relative percent frequencies of hybridization specificity ratios (y-axis) for substitution (red),
onebasedeletion(green),twobasedeletion(blue)andonebaseinsertion(black)probespresentwithindistinctbins(x-axis)areprovidedforsense(A)andantisense
(B) microarrays. Hybridization specificity ratios are averaged across 68 experiments on each strand.
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context.
Intrigued by the above observations, we next searched for
speciﬁc target sequence tracts that produced the lowest hybrid-
ization speciﬁcity among and between the different classes of
mismatch probes. To approach this problem, we determined
how many mismatch probes within running windows of 10
bases gave poor hybridization speciﬁcity, previously deﬁned
as a hybridization speciﬁcity ratio <1.2 (26). In Table 2, we
report nucleotide tracts where at least 8 probes within a given
10 base window showed poor hybridization speciﬁcity ratios.
A comprehensive listing of probes with poor hybridization
speciﬁcity is provided in Supplementary Table 1.
Repetitive sequence tracts, including homopolymer,
homopurine and homopyrimidine, are highly represented in
Table 2. Upon closer inspection, it became apparent why the
cross-hybridization is strong for probes in homopolymeric
regions. In these sequence contexts, substitution and deletion
probes can form duplexes with wild-type target that are longer
than 12 bp in length. For example, the probe designed to detect
a single base deletion at position 633 is designed to form one
12 bp and one 13 bp duplex with wild-type target. However,
this probe can form duplexes that range from 12 to 18 bp
in length with wild-type sense strand target due to slippage
(Figure 5). This type of ambiguity leads to increased stability
of these DNA–RNA heteroduplexes (34).
In principle, the homopurine and homopyrimidine tracts
uncovered have the capacity to form higher order structures,
such as triple helices (35). These tracts are known to alter the
conformation and stabilities of RNA–DNA heteroduplexes
(36,37), such as those formed between RNA targets and
DNA probes in our system. Finally, we expect the ATM target
to be especially rich in such sequence tracts given that both
strands of the 30-splice acceptor sequences, typically contain-
ing homopyrimidine tracts, for all 62 coding exons are
included in the ATM target. This increases the likelihood
that highly related sequence tracts in the ATM target can
cross-hybridize to probes interrogating a particular homopur-
ine or homopyrimidine sequence tract and reduce the overall
hybridization speciﬁcity in this region.
Next, we screened for potential structures that can form in
the PM probes listed in Table 2 or their targets that could
explain their poor hybridization speciﬁcity. To do this, we
used Mfold (38) to calculate Gibbs free energies for
intramolecular structures that can form in these PM probes
and targets. Based on these Gibbs free energy values, we
classiﬁed the probes and targets as having strong (S)
[DG<( 3kcal/mmol)],medium (M) [( 1kcal/mmol) >DG>
( 3 kcal/mmol)] and weak (W) [G > ( 1 kcal/mmol)] poten-
tial for secondary structure. We found that several target and
probe sequences could form substantial secondary structures,
as displayed in Figure 6. This could artiﬁcially lower the
afﬁnity oftarget toPM probesand thus lower the hybridization
speciﬁcity. It is more difﬁcult to model intermolecular struc-
ture in the solution-phase complex target and in the solid-
phase oligonucleotide probes. However, it appears likely
that such structures could also have a similar negative impact
on hybridization speciﬁcity.
Consistency of hybridization data from
mismatch probes
The relative variability in hybridization speciﬁcity ratios
across samples (inter-sample variability) represents another
important issue that should be considered in resequencing
analysis (9). To uncover general trends in inter-sample vari-
ability for each type of mismatch probe, we calculated an
average cv for mismatch probe hybridization speciﬁcity ratios
determined over running windows of 10 bases (Table 1).
Interestingly, on both strands, the single base substitution
probes showed the lowest inter-sample cv. The one and two
base deletion probes showed at least 2-fold higher coefﬁcients
of variation on both strands, relative to the substitution probes.
Surprisingly, the one base insertion probes showed signiﬁc-
antly higher coefﬁcient of variations than any of the other
classes of mismatch probes across samples. In fact, they are
3.5-fold higher than the corresponding substitution probes on
each strand.
The relative levels of inter-sample variation for all
mismatch probes across exon 50 are displayed graphically
in Figure 4. The error bars represent one standard deviation
from the mean of the hybridization speciﬁcityratio determined
over a running window of 10 bases in each of the 68 samples.
Note that the substitution probes show lower inter-sample
variability than one base deletion, two base deletion and
Figure 4. Hybridization specificities of mismatch probes. A 10-base running
window of the log10 hybridization specificity ratios of substitution (red), one
base deletion (green), two base deletion (blue) and one base insertion (black)
was plotted for the sense (A) and antisense (B) strands of ATM exon 50. The
light red, light green, light blue and gray shaded areas represent –1 SD of the
log10hybridizationspecificityratiosforthesubstitution,onebasedeletion,two
base deletion and one base insertion probes, respectively.
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variability in hybridization speciﬁcity measurements is
consistent across all 62 ATM coding exons (Supplementary
Figure 1).
Overall, our analyses indicate that, on average, single base
insertion probes show substantially lower reproducibility
across experiments than base substitution, one base deletion
and two base deletion probes. The increased inter- and intra-
sample variability in hybridization speciﬁcity of single base
insertion and deletion probes relative to single base substitu-
tion and two base deletion probes should be considered when
designing and interpreting microarray-based screens for gen-
etic variation. For a given microarray design, substantially
more control hybridization experiments may be needed to
determine baseline ﬂuctuations in the hybridization speciﬁ-
cities of insertion and deletion probes relative to those of
substitution probes.
Possible reasons for the hybridization properties of
mismatch probes
In contrast to single nucleotide mismatches, detailed
thermodynamic analyses of double helical nucleic acids
with bulged nucleotides have only recently been conducted
(34,39–41). In such cases, the bulged nucleotide is unpaired on
only one of the nucleic acid strands. These studies are relevant
to understanding the properties of the deletion and insertion
probes since they can form duplexes containing bulges with
target nucleic acid. For deletion probes, the bulged nucleotide
is located on the target strand (Figure 7). Conversely, the
insertion probes contain the bulged nucleotide in duplexes
with wild-type target (Figure 7).
Although subject to sequence context effects, duplexes con-
taining a single base bulge are predicted to be more stable than
those containing single nucleotide mismatches (34,39–41).
This is reﬂected in the lower average hybridization speciﬁcity
of single base deletion and insertion probes relative to that of
substitution probes (Table 1 and Figure 4). Conversely,
duplexes containing two base bulges are predicted to be gen-
erally less stable than those containing a single base mismatch
(40,41). In part, this is due to the assumption that helical
stacking is interrupted by bulges of two or greater bases in
length while it is preserved for one base bulges (40,41). The
higher average hybridization speciﬁcity ratios of two base
Figure 5. Insertion and deletion probes in homopolymeric sequence tracts.
Predicted25merduplexformedbetweena(A)PMprobeand(BandC)onebase
deletion interrogating nucleotide position 634 (boldface) of the ATM coding
sequence and wild-type target. (B) A theoretical duplex designed to form
between wild-typetarget anda single basedeletionprobeusingour microarray
design.(C)Themoststabletheoreticalduplexformedbetweenwild-typetarget
and the one base deletion probe.
Table 2. ATM sequence tracts with lowest mismatch hybridization specificity
Position
a Sequence Structure
b Miscalled
Target Probe Repeat type Probe type
c
Sense
883–892 GCCAAAACCC S W Homopolymer DEL1
2543–2552 AGGTGGAGGA M W (TGGAGG)2 INS
3589–3598
d GTTTCTGAAA S S None INS
3699–3708
d TTTTCCTTTT W W Homopyrimidine INS
3919–3928 GGGATGGCAC M W None INS
4354–4363 GATATAAAAA W W Homopolymer DEL2
5752–5761 AGACAAAAGA M W Homopolymer INS
5972–5981 AAAAAAGTAA W W Homopolymer DEL1
7261–7270 AAAGAGGAAG M W Homopurine INS
8274–8283 TCCCCTCTCT W W Homopyrimidine DEL2
8339–8348 TTGTTAACAA M W None DEL2
8405–8414 AAAAGAAAAT M W Homopurine DEL1
9122–9131 ACCCCAAAAA S W Homopolymer DEL1
Antisense
633–642 GGAAAAAAAG S W Homopolymer INS
822–831 TTCTTTTAAA S M Homopolymer INS
2403–2412 CAGGAAAAAG M W Homopurine INS
3589–3598
d TTTCAGAAAC M S None SUB, DEL1, INS
3699–3708
d AAAAGGAAAA W W Homopurine INS
8088–8097 TGGTAAATTT M W Homopolymer
e DEL1
aSequence tract where at least eight of 10 bases provided poor hybridization specificity ratios (<1.2-fold) on the indicated strand.
bStabilityofpotentialintramolecularstructuresthatcanbeformedbytheindicatedsequencetracts.Mfold(38)wasusedtopredicttheintramolecularstructureswith
thelowestGibbsfreeenergy(DG)foreitherthe25–30basestretchesthatencompasseachlistedsequencetractinthetargetorforthePMprobescomplementarytoeach
sequencetract.WeusetheseDGvaluestopredictthestabilityofthesestructures.DG>( 1kcal/mmol)=weak(W);( 1kcal/mmol)>DG>( 3kcal/mmol)=medium
(M); and DG < ( 3 kcal/mmol) = strong (S).
cType of mismatch probe that provided poor hybridization specificity ratios.
dLow hybridization specificity found on both sense and antisense strands.
eImmediately following the 30 end of this segment is a (T)5 sequence tract.
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with the predicted properties of these probes (Table 1).
The considerably lower average inter-sample variability of
substitution probes relative to deletion and insertion probes
was unexpected given that the same target was hybridized to
all mismatch probes simultaneously in the same experiment.
The sources of inter-sample variation include sample prepara-
tion, hybridization conditions and the microarrays themselves.
It is reasonable to assume that the microarrays themselves are
not the major source of variability since the combinatorial
manufacturing processes should lead to roughly equivalent
synthesis quality for all the arrayed probes (42,43). It seems
more likely that the insertion and deletion probes are more
sensitive to subtle changes in target preparation (e.g. amount
of fragmentation and dye incorporation) and hybridization
conditions (e.g. target concentration, temperature and wash
conditions) than the substitution probes. However, a deﬁnitive
explanation for our observations will require further
investigations (44–52).
Caveats for the use of mismatch probes for
mutation detection
In addition to their potential value, it is important to note some
of the caveats when relying upon mismatch probes for muta-
tion detection. For example, it is important to screen for all
possible sequence changes, including multiple base insertions
and deletions, in mutational analyses of disease-related loci,
such as the ATM, BRCA1 and BRCA2 genes. Given that 4
N
probes per base per strand are needed to screen for insertions
of length N in a mixed sequence, it is unlikely that oligonuc-
leotides complementary to insertions of two or more base pairs
will be represented on microarrays screening large sequence
tracts for mutations in the near future. Deletions represent a
more tenable situation since only one probe per base per strand
is needed to screen for a deletion of a given length in a mixed
sequence. Nevertheless, there will still be limitations as to the
number of deletion probes that can be realistically represented
in a given microarray.
Finally, it is often critical to precisely determine the nature
of a sequence change within a given sample in order to prop-
erly assess its functional signiﬁcance. Thus, it is important to
consider error rates when assigning the identity of a mutation
based on mismatch probe data. When dealing with clinical
samples, it will be especially important to conﬁrm the identity
Figure 6. Possible intramolecular target and probe structures in low specificity sequence tracts. Results from Mfold analyses of specific regions of ATM target and
probes that provide poor hybridization specificity, as indicated in Table 2. (A) Bases 812–841 of the antisense ATM target. (B) PM probe complementary to bases
815–839ofantisenseATMtarget.(C)Bases3579–3608oftheantisenseATMtarget.(D)Bases3579–3608ofthesenseATMtarget.(E)PMprobecomplementaryto
bases 3579–3603 of the sense ATM target.
Figure 7. Possible duplexes formed between mismatch probes and wild-type
target. Potential duplexes formed between PM (A), substitution (B), one base
deletion (C), two base deletion (D) and one base insertion (E) probes inter-
rogating nucleotide position 3255 [boldface in (A)] of the sense strand of the
ATM gene.
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with slightly ambiguous hybridization data.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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